ABSTRACT This paper presents a flexible microstrip low-pass filter (LPF) fabricated on a polyimide film substrate. The proposed flexible microstrip LPF with ten cascaded asymmetrical Pi-shaped defected ground structure (DGS) resonators are designed, simulated, manufactured, and measured. The simulation and experiment results demonstrate that the designed flexible microstrip LPF has a very sharp transition band, an ultra-wide stop-band (SB) and high rejection in SB performance compared with the existed microstrip LPFs with symmetrical and asymmetrical DGS. The proposed flexible LPF with ten cascaded resonators is with a compact size of 100 mm × 2.6 mm × 0.254 mm, a very low insertion loss of less than 1.9 dB under 2.2 GHz, and a wide SB from 2.7 to 12 GHz with the rejection of larger than 50 dB. The proposed flexible LPF has the potential to be used in wireless terminals to replace the traditional RF coaxial cable because it is very thin and has good transmission and filtering functions.
I. INTRODUCTION
Flexible microstrip filter is a type of filter which can be fabricated using flexible printed circuit board (FPCB) technology, and is used to operate signals in specific frequency band. Generally, flexible microstrip filter consists of a conducting strip separated from ground plane by a flexible dielectric substrate such as polyimide film (Pyralux, Kapton and UPILEX), or liquid crystal polymer (LCP) film, etc. Flexible microstrip filter may be fabricated using the same manufacturing technology used for rigid printed circuit boards (PCB), thus it is much less expensive than traditional waveguide filter [1] - [4] , low temperature co-fired ceramic (LTCC) filter [5] - [7] , conventional hard PCB microstrip filter [8] - [14] as well as being more compact and far lighter.
Flexible microstrip filters are highly compact and efficient filter solutions used for a wide range of electronic devices with wireless communication function. The global market of flexible microstrip filter was starting up gradually and
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would be boosting growth led by the increasing demand for flexible and compact electric devices such as wearable devices, smart electronics, and portable wireless terminals etc. Flexible microstrip filters have some unique advantages in terms of flexible, ultra-thin, super-light, low cost, low water absorption rate, good appearance, and electromagnetic compatibility performance, which are promising a crucial component for wireless communication devices. For example, flexible microstrip LPFs have the potential to be used in wireless communication terminals to replace the traditional IPEX RF coaxial cable.
In previous researches, the flexible microstrip filters have been attracting attention in high frequency bandpass applications. A parallel-coupled half-wavelength resonator filter is fabricated on a flexible PerMX polymer substrate to achieve a wideband 60 GHz bandpass filter [15] . The performance of a flexible X-band bandpass filter is investigated on ultra-thin LCP substrate [16] . The design of two four-pole, quasi-elliptic X-band bandpass filters with stacked openloop resonators on LCP substrates [17] . A compact flexible bandpass filter operating at 5.15-5.875 GHz is designed based on 0 • feed structure with 50 µm LCP substrate [18] . A 10 GHz stepped impedance low-pass filter and a 9.5GHz bandpass filter are produced on an LCP substrate [19] . Up to now, the applications of flexible microstrip filters are seldom published, and dominantly are concentrated on K-band or X-band and there are fewer reports on lower-end frequency band.
Most techniques of conventional microstrip filter can be directly used in design flexible microstrip filter. Based on stepped impedance resonators (SIRs), the microstrip filters can only achieve gentle transition-band (TB) response and narrow stop-band (SB) of Butterworth or Chebyshev characteristics [20] . To get sharpen TB characteristic, more SIR units are needed, leading to increasing insertion loss in pass-band (PB) and filter geometry size [21] . To improve frequency response performance, defected ground structure (DGS) resonator with symmetrical geometry, such as dumbbell, circle, triangle, and rectangle, has been widely adopted in designing a microstrip filter. Recently, DGS resonator improvement such as asymmetric structure has attracted a lot of attentions in filter designing to achieve better performances [14] , [22] . Moreover, the microstrip filters with several periodic units of photonic-band-gap (PBG) structure are proposed in [23] - [26] . Stated thus, periodic DGS resonators can be used in flexible microstrip filter design to achieve better performances, e.g., reducing size, sharping TB, widening SB.
In this paper, we propose a flexible microstrip LPF to be used in wireless terminals to replace the traditional IPEX RF coaxial cable. The proposed LPF with 10 cascaded asymmetrical Pi-shaped DGS resonators is successfully designed, simulated, fabricated, and measured on a polyimide film substrate, and it can be optimized by electromagnetic simulation software, and equivalent to a resonant LC tank which meets the function of a wider SB a sharper TB compared with the conventional filters.
II. PROPOSED FLEXIBLE LPF DESIGN A. FLEXIBLE SUBSTRATE
Flexible dielectric substrates such as polyimide film and liquid crystal polymer (LCP) film are epoch-making substrate for RF, microwave, or millimeterwave applications because they are combining excellent electrical properties and good processability. The material of flexible dielectric substrate is homogeneous materials, so the dielectric properties of flexible substrate are very uniform. The relative permittivity of polyimide film can range from 2.2 to 3.8 for difference material formulas and dielectric loss tangent can be lower than 0.008. The relative permittivity of industrialized liquid crystal polymer film can be 3.3 and dielectric loss tangent can be lower than 0.005. Also, the material of flexible dielectric substrate has very low water absorption rate (<0.04% at 23 • , 50% R.H.), so there is little change in dimensions and dielectric properties under humid conditions. Based on these performances, different types of microstrip lines can be easily designed and fabricated by flexible dielectric 
substrate to verify its suitability for microwave components applications.
B. PROPOSED FLEXIBLE MICROSTRIP LPF DESIGN
The layout of the proposed flexible microstrip LPF with 10 cascaded asymmetrical Pi-shaped DGS resonators is shown in Fig. 1 , including a microstrip transmission line of proposed flexible microstrip LPF with 10 cascaded resonators shown in Fig. 1(a) , 10 cascaded resonators of Pi-shaped DGS shown in Fig. 1(b) , the microstrip transmission line of a single resonator shown in Fig. 1(c) , and Pi-shaped DGS of a single resonator shown in Fig. 1(d) respectively. The proposed flexible LPF is designed on a PI film (ε r = 3.8, loss tan δ = 0.008) substrate with a size of L sub × W sub × H sub = 100 mm × 2.6 mm × 0.254 mm.
On the top of the flexible substrate, an L sub = 100 mm and W tran = 0.46 mm microstrip transmission line with a slot of W slot = 0.1 mm is fixed to achieve 50 characteristic impedance. At the bottom side of the flexible substrate, 10 cascaded DGS resonators with asymmetric Pi-shaped pattern are used to obtain low-pass performance. The metal layers for both transmission line on top side and DGS resonators on bottom side are constituted by 18-µ m-thick copper. To protect the copper layers, both of the metal layers on upper side and lower side of the flexible PCB are covered 50000 VOLUME 7, 2019 by 25-µm-thick PI film (ε r = 3.6, loss tan δ = 0.03) and stuck together with the substrate by 25-µm-thick epoxy glue separately.
C. THE EQUIVALENT CIRCUIT OF ASYMMETRIC PI-SHAPED DGS
A single asymmetrical Pi-shaped DGS resonator can be equivalent to a resonant LC tank, as shown in Fig. 2 , which meets the function of LPF with sharp TB, wide SB. The equivalent circuit can be achieved by structure analysis, current flow analysis and S-parameters curve fitting. The current flow around the edges of DGS can be equivalent by capacitance and inductance. By adjusting the geometry parameters of proposed DGS, the LPFs can achieve different inductances, capacitances, pass-bands and stop-bands. To replace the IPEX RF coaxial cable, the structure of the resonator must be as narrow as possible, on the other hand, the length can be much longer. Based on the equivalent circuit model and simulation optimization, the DGS resonator structure of the proposed flexible LPF can be achieved as shown in Fig. 1 . For 10 cascaded resonators, the equivalent circuit is also cascaded the equivalent circuit of a single resonator.
III. PARAMETER STUDY
In this study, a single asymmetrical Pi-shaped DGS resonator is optimized by considering the effect of DGS length by the variation of ''L 1 '', inner part DGS length by the variation of ''L 5 '', DGS element width by the variation of ''W 1 '', and the DGS connection part width by the variation of ''W 2 ''.
The variation of ''L 1 '', the length of the defected structure length, is considered to study the effect of defected structure length for the proposed asymmetrical Pi-shaped DGS resonator. Several values of L 1 (L 1 = 8, 9, 10, 11, and 12 mm) are used in simulation while the other parameters are fixed as Fig. 1 . The return versus frequency are presented in Fig. 3 , for different values of L 1 . The increase of ''L 1 '' causes a decrease of the resonance frequencies mainly due to the lengthening of the total resonator. However, with the increase of ''L 1 '', the IL in PB is also increase a little bit, and the IL at about 10 GHz in SB is worse.
B. EFFECT OF INNER PART DGS LENGTH
The variation of ''L 5 '', the length of the inner part DGS, is considered as step impedance to study the effect on the resonate frequency. Several values of L 5 (L 5 = 0.5, 1, 1.5, and 2 mm) have been simulated where the other dimensions are fixed as Fig. 1 . The S 21 -parameters versus frequency associated with different L 5 is shown in fig. 4 . The effect of the increasing of L 5 can have a much lower resonance frequencies without other effects. Therefore, the variation of ''L 5 '', the length of the inner part DGS, is key resonate frequency adjusting parameter. and the coupling between two edge of the DGS element can be observed when W 1 is too small, therefore there is minimum value for W 1 .
D. EFFECT OF DGS CONNECTION PART WIDTH BY THE VARIATION OF ''W 2 ''
The variation of ''W 2 '' is considered as the DGS element width. Several values of ''W 2 '' (W 2 = 0.5, 0.75, 1, and 1.25 mm) have been simulated, where the other dimensions are fixed as Fig. 1 . For different values of W 2 , the S 21 -parameters versus frequency is shown in Fig. 6 . The variation of W 2 significantly affects the resonance frequencies, and the coupling between the DGS elements can be noticed when W 2 is too small, therefore distance between the radiation elements must be long enough to avoid the coupling effects.
IV. FABRICATIONS
The proposed flexible LPF is fabricated using polymer film FDAN5001005E (ε r = 3.8, loss tan δ = 0.008) for substrate and SF305C 1025 (ε r = 3.6, loss tan δ = 0.03) for cover on both top side and bottom side. 25-µ m-thick epoxy glue (ε r = 4.4, loss tan δ = 0.03) is used to stick the cover layer and the substrate together. Copper metallization has been used to achieve 18-µ m-thick metal layers for the transmission line and DGS plane on both sides of substrate.
The photographs of fabricated flexible LPF with 10 cascaded asymmetrical Pi-shaped DGS resonators are shown in Fig. 7 , including the microstrip transmission line of 50002 VOLUME 7, 2019 Fig. 7(a) , the microstrip transmission line of 2 resonators shown in Fig. 7(b) , 2 cascaded resonators of Pi-shaped DGS shown in Fig. 7(c) , and display of thickness and flexibility of proposed flexible microstrip LPF shown in Fig. 7(d) respectively.
resonators shown in
For the practical and applied system, the IPEX IV connectors can be used because the compact structure of proposed flexible LPF can match the connectors properly. The inner conductor of the connector is welded on the end of transmission line, and the outer conductor is welded on the DGS. In this case, as Fig. 7(a) shown, the proposed flexible microstrip LPF is terminated with an SMA female connector on each side for measurement. Because SMA connectors are much easier to match with test cables and calibration kits of network analyzer, measurement errors caused by adapter of SMA-IPEX can be reduced apparently.
V. SIMULATION AND MEASUREMENT RESULTS
The commercial electromagnetic simulation tool, High Frequency Structure Simulation (HFSS) software [27] is used to perform and optimize the design of proposed flexible microstrip LPF in this study. The Keysight network analyzer PNA N5245A, which is calibrated by electric calibration kits N4691, is used to measure the S-parameters of the proposed flexible microstrip LPF.
The simulated and measured S-parameters of proposed flexible microstrip LPF with 10 cascaded resonators are shown in Fig. 8 . It can be noticed that the simulation S-parameters are agreed very well with measurement ones in the PB, the sharp TB from PB to SB and the bandwidth of SB. The proposed flexible microstrip LPF with 10 resonators can achieve a low and flat insertion loss (is less than 1.9 dB) in PB (from DC to 2.2 GHz). Moreover, it can be found a wide SB (Rejection is greater than 30 dB) from 2.6 GHz, a rejection of more than 50 dB from 2.7 GHz to 12 GHz, and a maximum rejection of more than 80 dB in the point of 5 GHz. Consequently, it achieves a very sharp TB from 2.2 to 2.7 GHz (with −1.9 dB and −50 dB, respectively), showing that the LPF has excellent skirt performance.
The simulated equivalent current distributions on top and bottom sides of proposed flexible microstrip filter are shown in Fig. 9 at pass-band (1 GHz) and stop-band (5 GHz) respectively. It can be noticed that in PB the current is periodically distributed on top side and bottom side in PB, on the contrary in SB the current is exponential attenuation distributed on top side and bottom side. The current flow around the edges of asymmetrical Pi-shaped DGS can be equivalent by capacitance and inductance. Therefore, by adjusting the structural design of the Pi-shaped DGS, corresponding S-parameters can be optimized to have a better insertion loss in PB, and a larger stopband extension.
The simulated and measured group delay of proposed flexible microstrip LPF with 10 cascaded resonators is shown in Fig. 10 . We can notice the simulated and measured group delay fit very well with each other and the group delay in pass band is less than 2 ns, that is very good for flexible microstrip LPF with 10 cascaded resonators. The burrs on the measured group delay curve are caused by structural defects during the fabrication of flexible circuit boards, such as defects in metal edges, voids and tiny bubbles in the substrate, and discontinuity of film-covered filling glue, etc.
The key performance parameters are compared in Table 1 for the proposed flexible microstrip LPF and some referenced filters. The proposed flexible microstrip LPF with 10 asymmetrical Pi-shaped DGS resonator has lower insertion loss in PB, sharper TB from 2.2 to 2.7 GHz (with −1.9 dB and −50 dB, respectively) and wider SB (9.3 GHz) even it is fabricated with polymer film substrate, a very common and cheap flexible substrate. The proposed flexible microstrip LPF size is only 100 mm×2.6 mm×0.254 mm, and is much thinner and more compact. The better performance of work in [4] is obtained by the rectangular waveguide filter based on a windowed quasi-periodic structure of bandstop elements of sinusoidal profiles. High power-handling capability, high quality factor, high operation frequency and low insertion loss are the main features of the waveguide filter, as well as large geometry size and high manufacturing cost. Currently, LTCC filters [6] , [7] are strongly required in RF front-end modules of wireless terminals in multiple harmonic noises eliminating and electromagnetic interference suppression in Tx and Rx path. For multiple-input multiple-output (MIMO) applications, the Tx and Rx transmission line may be IPEX IV RF cable or microstrip line. Flexible microstrip filters may have chance to take the place of the RF path and LTCC filter for the features of flexible, ultra-thin, super-light, space distributed filter performance. Considered with rigid PCB in the work [8] - [12] , flexible microstrip filter can use the similar technique in design. The proposed flexible microstrip LPF has the same shape of Pi-shaped DGS resonator with work in [8] , but the resonator size is much smaller (nearly 0.5 times in length, 0.22 times in width, and 0.32 times in height). The better performance of work in [13] is obtained by the transmission line with pairs of Koch fractal radial stubs loaded resonators (RSLRs), which is too wide in geometry size to be used in this case. The pioneer work [15] - [18] of flexible microstrip filters are concentrated on K-band or X-band. 
VI. CONCLUSION
The proposed flexible microstrip LPF with 10 cascaded asymmetric Pi-shaped DGS resonators is designed, simulated and fabricated with polyimide film substrate. The proposed flexible LPF with 10 cascaded resonators with a compact size of 100 mm×2.6 mm×0.254 mm has the potential to be used in wireless terminals to replace the traditional IPEX RF coaxial cable and LTCC filter, because it is very thin and has good transmission and filtering functions. The measured S-parameters agree very well with simulation results, which shows a very low insertion loss of less than 1.9 dB under 2.2 GHz, and a wide SB from 2.7 GHz to 12 GHz with rejection of larger than 50 dB. The proposed flexible microstrip LPF has a wider SB and a sharper TB compared with the existed filter. 
